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Further observations on a low-molecular-weight natriuretic
substance in the urine of normal man
EVELYN M. CLARKSON, SHEELAGH M. RAW, and HUGH E. DE WARDENER
Department of Medicine, Charing Cross Hospital Medical School, London, England
Further observations on a low-molecular-weight natriuretic sub-
stance in the urine of normal man. Large quantities of the low-
molecular-weight natriuretic material (F4), which appears after
the salts when fractionated on G-25 Sephadex column, were ob-
tained from the urine of normal man on a normal diet. The natri-
uretic substance in P4 was (1) ultrafiltrable through a membrane
with a claimed molecular-weight cut-off of 500 daltons (Amicon
UMO5); (2) soluble in more polar organic solvents; (3) totally
soluble in 95% acetone when specific activity was doubled; (4)
relatively resistant to heating at 100° C for 1 hour at a pH of 10,
and to heating at 110° C in 6 N hydrochloric acid for up to 90
hours under anaerobic conditions, and treatment with nitrous
acid; it was less resistant to these procedures when extracted
into 95% acetone; (5) not destroyed by trypsin, chymotrypsin,
pronase, pepsin, leucine aminopeptidase, and subtilysin, nor was
it destroyed by pepsin, leucine aminopeptidase, subtilysin, car-
boxypeptidase A and B, and aminopeptidase M, or by mono-
amine oxidase, aryl suiphatase, and 13-glucuronidase when ex-
tracted into 95% acetone. The natriuretic substance in the 95%
acetone-soluble F4 was totally destroyed by incubation with pro-
lidase. The least amount of 95% acetone-soluble P4 required to
produce a significant natriuresis in the bioassay rat was that de-
rived from a 7-mm sample of urine. The maximal response was
obtained from a 30-mm sample of urine. Continuous i.v. infusion
of the 95% acetone-soluble P4 for 40 mm produced a sustained
natriuresis, whereas a greater amount injected as a bolus pro-
duced an effect which was not sustained beyond 20 mm.
Nouvelles observations relatives a une substance natriurétlque
de faible poids moléculaire dans l'urine humaine. De grandes
quantités de substance natriurétique de faible poids moléculaire,
qui apparait après les sels au cours du fractionnement sur Seph-
adex G-25 (P4), ont été obtenues a partir de l'urine de sujets
normaux soumis a un régime normal. La substance natriurétique
en P4 est (I) ultrafiltrable a travers une membrane dont Ic point
de coupure théorique est 500 daltons (Amicon UMOS); (2) so!-
uble dans les solvants organiques les plus polaires; (3) totalement
soluble dans l'acétone 95% quand l'activité spécifique est
doublée; (4) relativement résistante au chauffage a 100° C pend-
ant une heure a pH 10, an chauffage a 110° C dans HCI 6 N jus-
qu'à 90 heures dans les conditions anaérobies, au traitement par
l'acide nitreux; Ia résistance a ces manoeuvres est moindre après
extraction par l'acétone 95%; (5) non détruite par Ia trypsine, Ia
chymotrypsmne, Ia pronase, Ia pepsine, Ia leucine amino-
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peptidase, et la subtilysine; non détruite, non plus, par Ia pep-
sine, Ia leucine ammnopeptidase, Ia subtilysine, les carboxypepti-
dases A et B, l'aminopeptidase M, Ia monoamine oxydase, l'aryl
sulfatase, la /3-glucuronidase après extraction par l'acétone 95%.
La réponse natriurétique est complétement détruite par
l'incubation avec de Ia prolidase de l'extrait par l'acétone 95% de
F4. La plus petite quantité de F4 nécessaire pour produire une
natriurèse significative au cours de l'essai biologique chez Ic rat
est celle obtenue a partir des urines de 7 mm. La réponse maxi-
male est obtenue avec les urines de 30 mm. L'administration in-
traveineuse continue de P4 pendant 40 mm produit une natriur-
èse soutenue alors qu'une quantité plus importante administrée
en injection unique produit un effet qui ne persiste pas au delà de
20 mm.
Urine contains a low-molecular-weight short-act-
ing natriuretic substance that is present in greater
amounts during salt loading but is also present dur-
ing sodium deprivation [1]. Because the substance
is present in urine excreted during various condi-
tions of salt ingestion, it is possible to collect large
amounts for study. The results of the present inves-
tigation demonstrate that the natriuretic substance
may have a molecular weight below 500 daltons,
that its natriuretic activity is relatively resistant to
heat at a high or a low pH and to oxidation with ni-
trous acid, that it is insoluble in the less polar or-
ganic solvents, and that it is destroyed by prolidase.
Methods
Preparation of urine extracts. Urine samples
were obtained during the day from the male staff of
the Department and medical students, who were
leading their normal lives and eating their usual
diet. The subjects micturated into 5.0-liter contain-
ers in a cold room (40 C), and their urine was stored
at —15° C. The urine contained approximately 150
to 200 mEq of sodium chloride per 2 g of creatinine.
Before storage, 0.1 ml of urine from each container
was cultured on blood agar. Urine with more than
500 counts per milliliter was discarded. Pools of 100
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to 200 liters were freeze-dried commercially. In our
previous work, urine was collected in 24-hour peri-
ods, and the quantity of extract assayed was that
obtained from 2 hours. In that work, the average
creatinine excretion per 24 hours was approximate-
ly 2 g. To compare the results of the present study
with those of our previous work, we used the
weight of freeze-dried urine which contained 2 g of
creatinine to represent 24 hours of urine. This quan-
tity of freeze-dried urine was extracted into 150 ml
of deionized distilled water and applied to a column
(5 x 90 cm) of G-25 Sephadex (fine grade). The col-
umn previously had been washed with 0.1 M sodium
hydroxide and equilibrated with the eluent, which
consisted of 0.01 ri ammonium acetate at a pH of
6.8. The concentrated urine was eluted downwards
at 200 mllhour. Eluate emerging from the column
was monitored at 254 nm. The natriuretic fraction
(F4) which emerged immediately after the salts, be-
tween approximately 2300 and 2700 ml, was freeze
dried. Extracts were dissolved on the day of assay
in a solution containing 5 gIdl dextrose. The pH was
adjusted to between 7.3 and 7.4 with 2 M sodium
hydroxide. Any insoluble residue that remained
was removed by centrifuging at 40 C. The extracts
were kept at 40 C until injected into rats. Extract,
equivalent to between 7 mm and 4 hours of original
urine samples, was present in I ml of the final solu-
tion. The amount routinely assayed represented 3-
hours of original urine unless otherwise stated.
The concentrations of sodium and potassium were
estimated in all solutions of extract. The concen-
tration of urea and ammonia was estimated in some
solutions of extract from time to time throughout
the work. In addition, the ammonia concentration
was estimated on all occasions when it seemed
possible that it might be raised, as in certain ex-
periments with proteolytic enzymes which were
suspended in ammonium sulphate. The concentra-
tions of these four substances in F4 were found to
be similar to those previously reported. [1]. A solu-
tion of 5 g/dl dextrose was prepared containing
these substances at the highest concentration at
which they were found in dissolved F4: sodium, 70
mEq/liter; potassium, 4 mEq/liter; ammonia, 30
mEq/liter; urea, 100 mg/dl. There was no consis-
tent change in urinary sodium excretion in assay
rats when 1.0 ml of this control solution was inject-
ed.
Assay. Natriuretic activity was assayed by a
technique previously described. We used con-
scious, male, SPF Sprague-Dawley rats weighing 95
to 130 g. The rats were starved for 24 hours before
each assay but were allowed free access to water
[2]. On the day of assay, 12 to 16 rats were pre-
pared; 10 to 13 received extract and 2 to 3 were used
as controls. The rats were restrained in clear plastic
cylinders. A needle connected to an infusion line
was inserted into the tail vein, through which the
rats were given an i.v. infusion of 10 mEq of sodium
chloride and 50 g of dextrose/liter (dextrose saline)
at 0.2 mi/mm throughout the experiment. There was
a 60-mm equilibration period before the first control
period. The rats voided urine spontaneously into
weighed tubes. Urine was collected during 20-mm
periods. After a 40-mm control period, I ml of the
solution containing the extract, or 1 ml of 5% dex-
trose, the pH and sodium concentration of which
had been adjusted to be the same as that of the ex-
tract, was injected into the tail vein at 0.2 mL/min.
The mean urinary sodium excretion during the 40
mm before the injection of extract, or control solu-
tion, was compared with the mean urinary sodium
excretion during the next 20 mm. The change in uri-
nary sodium excretion due to the injection of an ex-
tract was compared with that of the rats given only
the dextrose saline. Statistical evaluation of the
data was performed with the nonparametric Mann-
Whitney U test [3].
Methods and results
Molecularweight
We dissolved 60 to 90 mg of F4 from 10
to 12 hours of original urine, in 10 ml of water and
adjusted it to a pH of 7.4 with sodium hydroxide.
It was then injected via a Millipore filter, with a
pore size of 0.22 tm, into an ultrafiltration cell
(Amicon model 12) that had been sterilized in an
autoclave. Ultrafiltration membranes with a claimed
molecular-weight cut-off of 500 daltons (Amicon
UMO5), which cannot be sterilized with heat, were
rinsed in sterile water, and the whole apparatus
then was assembled with sterile precautions. The
solution of F4 was ultrafiltered into a sterile vessel
for 48 hours at 40 C, with nitrogen at 20 to 25
pounds/inch2 as the pressure source. The ultrafil-
trate was then freeze-dried. This procedure was
earned out on extracts prepared from five different
pools of urine, and the ultrafiltrates were assayed
in 20 rats.
Results. The ultrafiltrate contained 30 to 50% of
the weight of the original material. Each rat was giv-
en 5 to 10 mg. The ultrafiltrates all exhibited natri-
uretic activity.
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Solubility in organic solvents
The solvents used were glacial acetic acid, phe-
nol, methanol, ethanol, acetone (95% and 100%),
isopropanol, isobutanol, ethyl acetate, chloroform,
and ether. Solid F4 or F4 dissolved in water at a pH
of 1.5 or 7.8 was extracted with three 10-mi aliquots
of solvent for 5 mm. The solvent layers were
pooled, rotary evaporated, and freeze-dried. A de-
tailed account of the solvents and of the extraction
procedures is given in the Appendix.
Results (Table 1). Under the conditions de-
scribed, material in F4 that exhibited the natriuretic
activity was soluble in glacial acetic acid, phenol,
methanol, ethanol, 95% and 100% acetone, iso-
propanol, and acid isobutanol, but it was not sol-
uble in alkaline isobutanol, ethyl acetate, chloro-
form, and ether. F4 dissolved completely in water
and glacial acetic acid. The material in F4 that did
not dissolve in 95% acetone when the routine pro-
cedure described in the Appendix was used had no
short-acting natriuretic activity, and its weight was
approximately half that of the original material.
Stability to heat at pH 10
F4 (180 mg) or 95% acetone-soluble F4 (110 mg)
representing 20 to 24 hours original urine was dis-
solved in 10.0 ml of water. One half of the solution
was adjusted to a pH of 9.5 to 10 with sodium hy-
droxide, heated at 1000 C for 60 mm, and freeze-
dried. The other half was freeze-dried without being
heated. The extracts were reconstituted in 3% dex-
trose for injection into the assay rat. A molar
amount of sodium chloride was added to the solu-
tion of unheated extract so that the sodium concen-
tration was the same as that in the solution of
heated extract; thus the osmolality of the final solu-
tions injected was kept between 290 and 320 mOsml
kg. These procedures were carried out on three
samples of F4 obtained from two separate pools of
urine, and on three samples of the 95% acetone-sol-
uble fraction of F4 obtained from three further
pools of urine. The samples were assayed in 36 rats;
each rat received 12 to 15 mg of F4 or 8 to 10 mg of
95% acetone-soluble F4 that was equivalent to ap-
proximately 2 hours of original urine.
Results (Fig. 1): F4. The mean rise in urinary so-
dium excretion due to the injection of unheated F4
in 9 rats was 2.42 (SD) 1.59 sEq/min; the mean
rise in urinary sodium excretion in another 9 rats
receiving material heated at pH 10 was 1.19 0.53
Eq/min, but this difference was not statistically
significant, due possibly to the wide scatter of the
results obtained with the unheated samples. Ninety-
five percent acetone-soluble fraction of F4. The
mean rise in urinary sodium excretion due to an in-
jection of unheated 95% acetone-soluble F4 into 9
rats was 2.38 (SD) 1.19 Eq/min; the mean rise in
urinary sodium excretion in another 9 rats receiving
material heated at pH 10 was 0.76 0.70 .tEq/min.
The reduction in the natriuretic activity caused by
heating the material at a pH of 10 was significant (2P
<0.002). Nevertheless, the sodium excretion of the
rats receiving heated material was still significantly
greater than that of the 18 control rats (2P < 0.02).
Effect of heating anaerobically in 6 N hydrochloric acid
F4 (120 mg) or 95% acetone-soluble F4 (70 mg)
equivalent to approximately 15 hours of original
urine was heated anaerobically in 20 ml of 6 N
hydrochloric acid at 110° C for 22 to 90 hours. The
bulk of the hydrochloric acid that remained after
hydrolysis was removed by rotary evaporation and
freeze-drying. The hydrolyzed material was then
dissolved in 0.01 M ammonium acetate, neutralized
Table 1. Solubility in organic solvents of natriuretic material in F4
Solvent
Amount of original
urine injected
-___________________ No. of
extracts
No. of
assay
rats
Natriuretic activity of
whole F4 vs. natriuretic
activity of soluble material
Natriuretic
activity
solublemg hr
Glacial acetic acid 4.5 to 7.0 2 to 3 5 10 NS yes
Phenol 3 to 6 ito 3 10 29 NS yes
Methanol 9to 11 2.5 3 9 NS yes
Ethanol 2 to 3 3 6 NS yes
95% Acetone 7 2 3 9 NS yes
100% Acetone 6 2 3 9 2P < 0.05 sometimes
Isopropanol 3 to 5 3 3 8 2P < 0.05 sometimes
Acid isobutanol 9.5 3 2 6 NS yes
Alkaline isobutanol 6 3 2 8 2P < 0.002 no
Ethylacetate 0.3 to 0.5 2 to 3 4 9 2P < 0,002 no
Chloroform 1.2 to 1.5 3 3 9 2P < 0.002 no
Ether 0.1 3 3 9 2P < 0.002 no
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to a pH of 7, and refractionated on a G-25 Sephadex
column. The postsalt fraction was freeze-dried and
assayed. Details of these hydrolysis procedures and
of control procedures are given in the Appendix.
Each procedure was carried out on nine extracts of
F4 and on four extracts of 95% acetone-soluble F4
prepared from six urine poois and assayed in a total
of 81 rats. Each rat received unhydrolyzed or acid-
hydrolyzed material equivalent to approximately
3 or 1.5 hours of original urine. The amounts of
injected material were 11 or 5.5 mg of unhydrolyzed
F4 and 4 or 2 mg of acid-hydrolyzed F4; and 9.5 mg
of unhydrolyzed 95% acetone-soluble F4 and 1.5 to
2.5 mg of acid-hydrolyzed 95% acetone-soluble
F4.
Results: F4 (Fig. 2A). The mean rise in urinary
sodium excretion due to the injection of unhydro-
lyzed F4 equivalent to 3 hours of original urine was
1.99 (SD) 1.28 p.Eq/min. After F4 was heated
in 6 N hydrochloric acid for 22 to 90 hours, it was
2.42 1.52 1Eq/min. This difference was not signif-
icant. The mean rise in urinary sodium excretion
due to the injection of unhydrolyzed F4 equivalent
to 1.5 hours of original urine was 2.69 1.96
tEq/min. After F4 was heated in 6 N hydrochloric
acid for 22 to 90 hours, it was 0.3 0.68 Eq/min.
This difference was significant (2P < 0.002). The
sodium excretion of rats receiving acid-hydrolyzed
F4 equivalent to 1.5 hours of original urine was
not different from that of control rats receiving dex-
trose saline alone. Ninety-five percent acetone-sol-
uble F4 (Fig. 2B). The mean rise in urinary sodium
excretion due to the injection of unhydrolyzed ma-
terial equivalent to 3 hours of original urine was
2.21 1.04 tEq/min. After F4 was heated in 6 N hy-
drochloric acid for 22 to 90 hours, it was 1.13 0.54
tEq/min. This reduction in the natriuretic activity
caused by heating in 6 N hydrochloric acid was sig-
nificant (2P < 0.002). However, the sodium excre-
tion of rats receiving material heated in hydro-
chloric acid was still significantly greater than that
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Fig. 1. Changes in urinary sodium excretion of rats given F4 (•)
or 95% acetone-soluble F4 (0) before and after heating at 1000 C
for 1 hr at a pH of 10, and of rats given dextrose saline (x).
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of control rats receiving dextrose saline alone
(2P <.0.002).
Effect of treatment with nitrous acid
F4 (120 mg) or 95% acetone-soluble F4 (70 mg)
representing approximately 15 hours of original
urine was dissolved in 0.1 N or 5 N hydrochloric
acid and treated with 1% sodium nitrite. The solu-
tion was then freeze-dried, redissolved in 0.1 M
ammonium acetate, and refractionated on a G-25
Sephadex column. The postsalt fraction was freeze-
dried and assayed. Details of these and control pro-
cedures are given in the Appendix. These proce-
dures were carried out on eight extracts of F4 and
on four extracts of 95% acetone-soluble F4 prepared
from nine urine pools. The assay was carried out in
a total of 82 rats. Each rat received material de-
rived from 3 hours of original urine: 10 to 12 mg of
untreated F4 or 10 to 12 mg of F4 treated with ni-
trous acid; and 8.5 mg of untreated 95% acetone
soluble F4 or 6.5 mg of 95% acetone-soluble F4
treated with nitrous acid.
Results: F4 (Fig. 3A). The mean rise in urinary
sodium excretion due to the injection of untreated
F4 into rats was 2.24 (SD) 1.41 j.Eq/min. With
F4 treated with sodium nitrite in 0.1 N hydrochloric
acid, it was 1.81 1.28 sEq!min. This difference
was not significant. The mean rise in urinary sodium
excretion after the injection of material treated with
sodium nitrite in 5 N hydrochloric acid was 1.27
0.60 tEq/min. This was significantly lower than that
of the rats given untreated material (2P < 0.05).
Nevertheless, the sodium excretion of rats receiv-
ing F4 treated with sodium nitrite in 5 N hydro-
chloric acid was still significantly greater than that
of control rats receiving dextrose saline alone (2P <
0.002). Ninety-five percent acetone-soluble F4 (Fig.
3B). The mean rise in urinary sodium excretion due
to the injection of untreated material was 2.20
1.03 pFq/min. With F4 treated with sodium nitrite in
0.1 N hydrochloric acid, it was —0.01 0.53 jsEq!
mm (2P <0.002). The sodium excretion of rats re-
ceiving material treated with nitrous acid was not
different from that of control rats receiving dextrose
saline alone.
Effect ofproteolytic enzymes on F4
F4 was incubated at 37° C for 2 to 14 hours alone
and with trypsin, chymotrypsin, pronase, pepsin,
leucine aminopetidase, and subtilysin. The in-
cubation was carried out in the presence of sodium
azide or under sterile conditions. Details of the
technique are described in the Appendix. The mate-
rial assayed was derived from 3 hours of original
urine. Experiments were also performed in which
solutions of P4 containing either leucine amino-
peptidase, pepsin, or subtilysin were incubated
with the substrates 1 -leucyl-f3-naphthylamide or
gelatin, respectively, to confirm that these enzymes
were active in the presence of F4.
Results (Table 2). Trypsin, chymotrypsin, pro-
nase, pepsin, leucine aminopeptidase, and sub-
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tilysin did not destroy the natriuretic activity pres-
ent in F4 derived from 3 hours of original urine.
Experiments in which solutions of F4 containing
leucine aminopeptidase, pepsin, or subtilysin were
incubated in 1-leucyl-/3-naphthylamide or gelatin,
respectively, showed that the enzymes were active
in the presence of F4.
Effect of proteolytic enzymes on the 95% acetone-soluble
fraction of F4
Ninety-five percent acetone-soluble F4 was in-
cubated at 35 to 36° C for 16 to 18 hours alone and
with pepsin, leucine aminopeptidase, subtilysin,
carboxypeptidase A and B, aminopeptidase M, and
prolidase at the optimum pH of each enzyme. The
incubation was performed under sterile conditions,
and the incubated solutions were refractionated on
a G-25 Sephadex column. The postsalt fraction was
freeze-dried and assayed in amounts equivalent to
3 hours of original urine. Details of the technique
are described in the Appendix. In addition, the
preparation of prolidase was incubated with phenol-
phthalein glucuronide and with p-nitrocatechol
sulphate to test whether the prolidase preparation
used, which is obtained from pig kidneys, is con-
taminated with /3-glucuronidase or aryl suiphatase,
respectively.
Results (Table 2 and Fig. 4). Subtilysin, leucine
aminopeptidase, carboxypeptidase A and B, and
aminopeptidase M did not destroy or impair the na-
triuretic activity of 95% acetone-soluble F4. Pro-
lidase, however, totally destroyed the natriuretic
Controls Prolidase Dextrose saline
Fig. 4. Changes in urinary sodium excretion of control rats given
95% acetone-soluble F4 incubated with either ammonium sul-
phate (7) or with the supernatant from boiled prolidase (•), and
of rats given 95% acetone-soluble F4 incubated with prolidase
(0). Values for rats given dextrose saline are denoted by the
symbol x.
activity of six extracts of 95% acetone-soluble F4
obtained from 3 hours of original urine. Thus, the
mean urinary sodium excretion due to the injection
into 19 rats of samples incubated without enzyme
was 1.76 (SD) 1.37 Eq/min, whereas that due to
the injection into another 19 rats of samples incu-
bated with prolidase was 0.11 0.75 j.tEq/min
(2P < 0.002). The sodium excretion of rats receiv-
ing 95% acetone-soluble F4 incubated with pro-
lidase was not different from that of control rats re-
Table 2. Effect of incubating F4 and 95% acetone-soluble F4 with proteolytic enzymes
Enzyme
Enzyme!
substratea
pH of Period of
incubation incubation
mixture hr
No. of
extracts
No. of
rats
Effect of
enzyme
F4
Trypsin 1/10 7.3to8.0 2to4 4 8 none
Chymotrypsin 1/10 7.3 to 8.0 2 to 4 3 6 none
Pronase 1/10 7.5 4 1 2 none
Pepsin 1/10 2.0 4 2 4 none
Leucine aminopeptidase 1/50 and 1/10 8.0 to 8.5 4 to 14 8 22 none
Subtilysin 1/50 8.5 7 2 6 none
Pepsin 1/15
95% acetone-soluble F4
2.5 16to18 4 12 none
Leucineaminopeptidase 1/20 and 1/10 7.8 l6to 18 3 10 none
Subtilysin 1/50 8.0 I6to 18 2 8 none
CarboxypeptidaseA 1/20 7.8 l6to 18 2 6 none
CarboxypeptidaseB 1/20 7.8 l6to 18 1 3 none
Aminopeptidase M 1/20 7.8 16 to 18 1 3 none
Prolidase 1/20 7.7 l6to 18 6 20 natriuretic
activity
destroyed
Whole F4 or 95% acetone-soluble F4
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ceiving dextrose saline alone. Incubation of phenol-
phthalein glucuronide or p -nitrocatechol sulphate
with the prolidase preparation did not release phe-
nolphthalein or catechol from these substrates, in-
dicating that the prolidase preparation did not con-
tain either 3-glucuronidase or aryl suiphatase.
Effect of other enzymes on 95% acetone-soluble F4
Monamine oxidase. This enzyme was used to de-
termine whether the natriuretic activity of 95% ace-
tone-soluble F4 is due to the presence of free cate-
cholamines. The 95% acetone-soluble F4 was dis-
solved in 0.2 M sodium phosphate buffer (pH, 7.4) at
a concentration of 1 g/dl and incubated at 37° C for
45 mm with monoamine oxidase. The concentration
of enzyme was one-tenth that of the 95% acetone-
soluble F4. Oxygen (100%) was bubbled through
the solution during the period of incubation. A con-
trol solution of 95% acetone-soluble F4 in 0.2 M so-
dium phosphate buffer but with no added enzyme
was incubated simultaneously in the same way. The
sterility of the solutions was confirmed by culture at
the end of incubation. The incubated solutions were
then fractionated on a G-25 Sephadex column, as
described in the Appendix, The fraction appearing
immediately after the salts was freeze-dried and as-
sayed in 12 rats in amounts equivalent to 3 hours
of original urine. The experiments were performed
on two extracts: the first, with enzyme obtained
from Sigma, London; and the second, with enzyme
obtained from Miles Laboratory (PTY) Ltd., South
Africa. Results. The natriuretic activity of the 95%
acetone-soluble F4 was not impaired by incubation
with monoamine oxidase.
Aryl suiphatase and f3-glucuronidase. These en-
zymes were used to determine whether the natri-
uretic activity of 95% acetone-soluble F4 is due to
catecholamine conjugated as the sulphate or glu-
curonide. The 95% acetone-soluble F4 was dis-
solved in dilute hydrochloric acid (pH 5) at a con-
centration of I g/dl and incubated for 14 hours at
37° C with a preparation containing aryl suiphatase
and /3-glucuronidase (Sigma, London). This prepa-
ration contains aryl sulphatase activity at 15 to 40
U/mg and f3-glucuronidase activity at approximate-
ly 300 U/mg. The enzyme preparation was present
at a concentration one-tenth that of 95% acetone-
soluble F4. The sterility of the solution was con-
firmed by culture at the end of incubation. In one of
these experiments, to destroy any free amine that
might have been produced, the pH of the incubated
solution was raised to 9.5, and oxygen was bubbled
through the solution for 3 to 5 mm at room temper-
ature. In the other two experiments, the procedure
used to destroy any free amines produced was to
continue the incubation after the addition of mono-
amine oxidase in the manner described above. The
incubated solutions were then fractionated on a
25 Sephadex column, and the fraction that appeared
immediately after the salts was freeze-dried and
assayed in 15 rats in amounts equivalent to 3 hours
of urine. Results. The natriuretic activity of the
95% acetone-soluble F4 was not impaired by incu-
bation with a mixture of aryl suiphatase and /3-
glucuronidase followed by procedures aimed at de-
stroying free amines thus liberated. Incubation of
the enzyme preparation with either phenolphthalein
glucuronide or with p-nitrocatechol sulphate
showed that both enzymes in the preparation were
active.
Effect of a single injection of increasing quantities of 95%
acetone-soluble F4 on the urinary sodium excretion of the
assay rat
Figure 5 illustrates the change in urinary sodium
excretion that occurred in the first 20 mm after an
injection of various quantities of 95% acetone-
soluble F4 given within 5 mm. The least quantity
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Fig. 5. Changes in urinary sodium excretion of rats given a bolus
injection of 0.6 to 16 mg of 95% acetone-soluble F4 equivalent to
7 to 240 mm of original urine. Each point represents the mean
urinary sodium excretion of 2 to 5 rats.
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when eluted on a G-25 Sephadex column, has been
Infusion demonstrated previously [1]. With the same tech-
4, nique, a natriuretic substance also has been demon-
strated in the urine of patients suffering from
chronic renal failure [4], and in the urine of normal
salt-loaded dogs [5], The pattern of natriuresis ob-
tained by these investigators [4, 5] differs, however,
from that obtained in this laboratory [1]. The
amount of material assayed by each group is equiv-
alent to 2 to 3 hours of original urine, and yet in
our assay [1] the natriuresis occurs mainly during
the first 20 mm after the injection, whereas in
the other group's assay the natriuresis is main-
tained more evenly over 1 hour [4, 5]. Our assay is
undertaken, in the conscious, unoperated, water-
loaded rat, whereas the others [4, 5] use a recently
anaesthetized uremic rat which has a GFR of less
_____
than 25% of normal and which has undergone sever-
al minor operative maneuvers on the day of assay.
Both groups agree that the material is of low molec-
ular weight. It is likely, therefore, that in the normal
rat the plasma concentration of the substance after
a bolus i.v. injection will fall quickly, after an initial
rise, whereas in the uremic rat the plasma concen-
tration is likely to remain raised for considerably
longer. This explanation is in line with the finding
described here that the continuous infusion of mate-
rial obtained from 2 hours of urine produced a
sustained natriuresis during the 40 mm of the in-
fusion, whereas a greater amount of material inject-
ed as a bolus in 5 mm produced an effect that was no
greater in the first 20 mm but was barely perceptible
20 to 40 mm later. We would suggest, therefore,
that in spite of the differences in the pattern of natri-
uresis, the material being studied by the two groups
is probably the same.
The observation that the natriuretic material
that is eluted after the salts when urine from normal
or uremic man or animals is fractionated on a G-25
Sephadex column has a molecular weight of less
than 1000 daltons, is nonvolatile, and resists freez-
ing and boiling is similar to that of Bourgoignie et
al [6]. Our finding that the natriuretic activity of
95% acetone-soluble F4 obtained from 2 hours of
urine from a normal man is severely impaired
by heating at pH 9.5 is in line, though not in total
agreement with that of Bourgoignie et al [6], who
found that the natriuretic activity of whole F4
obtained from 2 hours of urine from uremic man
was totally destroyed by heating at a pH of 10.5.
In the experiments described here, heating whole
F4 obtained from 2 hours of urine at a pH of 9.5
produced an impairment in natriuretic activity that
of extract that produced a detectable natriuresis
was 600 sg, corresponding to 7 mm of original
urine. The maximal response was obtained with 2.5
mg, corresponding to 30 mm of original urine
sample.
Effect of prolonged infusion of increasing quantities of
95% acetone-soluble F4 on the urinary sodium excretion
of the assay rat
Figure 6 illustrates the pattern of natriuretic ac-
tivity that developed during the continuous infusion
of 100, 170, and 240 jsg of 95% acetone-soluble
F4 for 40 mm given at 0.2 mi/mm. There was a
sustained natriuresis during the 40 mm with each
of the three rates of infusion. This response was
in contrast to that obtained with injections of
larger amounts given more rapidly when there was
a significant natriuresis only during the first 20
mm.
Discussion
The presence in the urine of normal salt-loaded
and salt-depleted man of a natriuretic substance
which appears in the fraction emerging after the salts
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was not statistically significant, but this lack of
significance may have been due to the large scatter
of data in the unheated samples.
The finding that the natriuretic activity of whole
F4 obtained from 1.5 hours of urine was totally
destroyed, and that the natriuretic activity of 95%
acetone-soluble F4 obtained from 3 hours of urine
was partially destroyed by prolonged acid hydroly-
sis is in line with the findings of Bourgoignie et a!
[6], who found that the natriuretic activity of whole
F4 obtained from 2 hours of urine was totally de-
stroyed. Note that in the experiment described here
the natriuretic activity of whole F4 obtained from
3 hours of urine (vs. 1.5 hours of urine) was not
significantly impaired. This difference in the natri-
uretic activity of hydrolyzed whole F4, depending
on whether the material injected into the rat was
obtained from 1.5 or 3 hours of urine, is in keeping
with the dose-response curve (Fig. 5), which illus-
trates that the maximum natriuretic effect is ob-
tained with material derived from 30 to 60 mm of
urine. The differences between the findings de-
scribed here and those described by Bourgoignie et
al [6] would therefore appear to be more quan-
titative than qualitative. They may be due to differ-
ences in the potency of the extracts, the amounts of
material assayed, and the sensitivity of the assay
techniques. The assay used here appears to be more
sensitive than the one used by Bourgoignie et al [6]
inasmuch as it is the first to detect natriuretic activi-
ty in the urine of salt-depleted man [1].
The solubility characteristics of natriuretic mate-
rial obtained from the urine of normal man and ani-
mals have not previously been studied in depth.
Kramer [7] reported that natriuretic activity was
soluble in water, alcohol, and trichioracetic acid.
Our observations with ten organic solvents, three of
which were tested at high and low pH, demonstrate
that the natriuretic substance in whole F4 from nor-
mal man tended to dissolve in water and in the or-
ganic solvents with higher dielectric constants, sug-
gesting that the substance is polar. Note that the
material containing the natriuretic activity was to-
tally soluble in 95% acetone and that about 50% of
inactive material was removed by this procedure.
The finding that the natriuretic activity is extracted
into isobutanol from a solution at a pH of 1.5 but not
at a pH of 7.8 implies that it is acidic. In contrast,
Bourgoignie et a! [8] reported that the natriuretic ac-
tivity of F4 obtained from blood and urine of uremic
patients did not extract into isobutanol at a pH of
1.5.
The effect of nitrous acid on the natriuretic activi-
ty has not been investigated previously. The results
described above demonstrate that nitrous acid was
without effect on the natriuretic activity of F4 in the
presence of dilute acid but it produced an impair-
ment in the presence of 5 N hydrochloric acid. The
natriuretic activity of 95% soluble F4, however,
was totally abolished by treatment with nitrous acid
in the presence of only dilute acid. Overall, these
results show that purification of F4 by extraction
into 95% acetone causes the natriuretic substance
to be less resistant to heating at a pH of 9.5, to pro-
longed acid hydrolysis, and to oxidation with ni-
trous acid.
The retardation of the natriuretic substance on a
G-25 Sephadex column suggests that it contains an
aromatic or heterocyclic group. The loss of natri-
uretic activity after treatment with nitrous acid
demonstrates that it could be dependent on an
amino, amido, imino, or imido group, or a ring
structure that is oxidized by nitrous acid. Apart
from its solubility characteristics in isobutanol,
which suggest an acidic substance, these properties
together with its small size suggest that the natri-
uretic activity could be due to an aromatic amine.
The insolubility of the natriuretic substance in
chloroform either at room temperature or at 500 to
60° C excludes it from being caffeine or histamine.
Neither would it appear to be serotonin, for this
substance is not natriuretic when administered to
the conscious rat in amounts reported to be ex-
creted in the urine of normal man (personal obser-
vation). The relative resistance of the natriuretic ac-
tivity to heating at a high pH or to prolonged heating
at a low pH. and the lack of effect of monoamine
oxidase, indicates that the natriuretic activity is not
due to free catecholamines such as dopamine or to
any other primary amine. Moreover, 1-ml samples
of F4 and of 95% acetone-soluble F4, each derived
from 2 hours of original urine, did not contain any
detectable quantity of adrenaline, noradrenaline, or
dopamine when we used a technique sensitive to
50 pg/mI. And the experiments in which 95%
acetone-soluble F4 was incubated with aryl suipha-
tase and j3-glucuronidase followed by oxygenation
at high pH or incubation with monoamine oxidase
demonstrate that the natriuretic activity is not due
to catecholamines conjugated as the sulphate or the
glucuronide.
The effect of proteolytic enzymes on the natri-
uretic activity of F4 previously has not been studied
systematically. There are three reports on the effect
of two enzymes on the small-molecular-weight na-
triuretic material obtained from the urine of normal
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man and animals. Bourgoignie et a! [6, 9] reported
that the natriuretic activity of F4 obtained from the
urine of salt-loaded normal dogs is destroyed by in-
cubation with pepsin. The number of experiments
and the enzyme-to-extract concentration ratios are
not mentioned, nor are there any details concerning
the effect of simultaneously incubated control solu-
tions of F4 containing inactivated enzyme. Sedla-
kova Lichardus, and Cort [10] and Kramer [7]
claimed that F4 obtained from salt-loaded normal
man and animals was destroyed by chymotrypsin,
but not by trypsin. Again few technical details are
given.
There are other reports on the effect of pro-
teolytic enzymes on F4 obtained from uremic blood
and urine. Chymotrypsin, pronase, and leucine
aminopeptidase have been incubated with F4 ob-
tained from plasma of uremic patients [6, 8, 9], and
leucine aminopeptidase has been incubated with F4
obtained from the urine of uremic patients [6, 9].
Chymotrypsin and pronase did not destroy the na-
triuretic activity of F4 obtained from plasma [6, 8],
whereas leucine aminopeptidase destroyed the na-
triuretic activity of F4 in both plasma and urine
obtained from uremic patients [6, 9].
We have found that trypsin, chymotrypsin, pep-
sin, pronase, leucine aminopeptidase, and sub-
tilysin have no effect on the natriuretic activity of
F4 from the urine of normal man; and that pepsin,
leucine aminopeptidase, subtily sin, aminopeptidase
M, and carboxypeptidase A and B have no effect on
the natriuretic activity of the 95% acetone-soluble
F4. In these experiments, the enzymes trypsin, pep-
sin, leucine aminopeptidase, and subtilysin were
tested on another substrate in the presence of F4
and found to be active. The main discrepancy be-
tween these findings and those described earlier is
that leucine aminopeptidase and pepsin did not de-
stroy the natriuretic activity either of F4 or of the
more vulnerable 95% acetone-soluble F4. Never-
theless, the activity of these two enzymes was con-
firmed by incubation with another substrate in the
presence of F4 and of 95% acetone-soluble F4. It is
to be noted that other workers [6-10] do not men-
tion what steps were taken to avoid bacterial con-
tamination during incubation. Such contamination
may destroy the natriuretic activity of F4 (personal
observation). On the other hand, if, instead of using
sterile techniques, sodium azide is used to prevent
bacterial growth, a concentration of 20.0 sg/m1 in
the reconstituted extract injected into the rat will
prevent the natriuretic response (personal observa-
tion). This can be avoided by removing the azide
by freeze-drying the incubated material before it is
assayed.
Prolidase was the only proteolytic enzyme of the
ten that were tested that destroyed the natriuretic
activity of 95% acetone-soluble F4. Several precau-
tions were taken to try to ensure that this effect was
not an artifact. Sodium azide was not used, and ste-
rility was ensured by culture at the end of in-
cubation. We have found that the addition of man-
ganese, copper, or nickel to whole F4 prevents the
natriuretic response. The addition to control solu-
tions of the boiled enzyme suspension from which
the enzyme had been removed, however, makes it
unlikely that the loss of natriuretic activity was due
to the presence of manganese in solution in the pro-
lidase preparation [11]. The refractionation of the
incubated enzyme mixture on Sephadex also en-
sured that most of the contaminants in the enzyme
preparation, and possibly some produced by enzy-
matic digestion, which might interfere with the na-
triuretic activity of 95% acetone-soluble F4, were
removed from the fraction injected into the rat. In
addition, the ammonia content of the injected mate-
rial, measured on all occasions, was in the same
range as that in the active control extracts.
The results, therefore, strongly suggest that the
natriuretic activity is due to a peptide containing the
heterocyclic amino acid, proline, and the ultrafil-
tration properties, together with the remarkable
stability of the natriuretic substance, point to its
being a very small peptide.
Appendix
Solubility in organic solvents. The solvents were Analytical
Reagent grade or Aristar grade. Acetone was redistilled before
its use. No attempts were made to dry the solvents with calcium
chloride or other drying agents. Phenol was dissolved in the min-
imum amount of methanol needed to keep it in the liquid form at
room temperature. The maximum concentration which could be
achieved in this way was 85 g/dlphenol. This concentration was
used on all occasions but one, when 100% phenol was used and
the extraction procedure was performed at 40 C.
F4, 80 to 120 mg, representing 15 hours of original urine
was extracted for 5 mm with 10-mi aliquots of solvent and a mag-
netic stirrer was used to maintain complete mixing of F4 and
solvent. The insoluble material was separated by centrifuging.
This procedure was carried out three times and the supernatants
pooled. Tests for the solubility of F4 in solvents miscible with
water were carried out by extracting solid F4 with solvent. With
the exception of ethyl acetate, tests for the solubility of F4 in
solvents immiscible with water (isobutanol, chloroform, and
ether) were carried out on solid F4 and on F4 dissolved in water
at both a pH of 1.5 and a pH of 7.8. Ethyl acetate, which is also
immiscible with water, decomposes in acid; therefore, extraction
with this solvent was carried out on solid F4 and on P4 dissolved
in water at a pH of 7.8 only. On one occasion, solid F4 was ex-
tracted with chloroform at 50 to 60 C. The supernatants obtain-
ed with solvents other than glacial acetic acid and phenol were
evaporated to dryness in a rotary evaporator at the boiling point
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of the solvent. With glacial acetic acid and phenol, five volumes
of diethyl ether were added to the supernatants, and the precipi-
tates which formed were separated by centrifuging. The precipi-
tate obtained from the glacial acetic acid extraction was freeze-
dried directly; that obtained from the phenol extraction was
freeze-dried after three washes with a total volume of 150 ml of
ether to remove trapped phenol.
The routine preparation of the 95% acetone-soluble fraction of
F4 was carried out as follows: F4 was dissolved in water at a
concentration of approximately 12 mg/mI, and redistilled acetone
was added to 95% volume per volume. After 30 mm, the in-
soluble material was separated by centrifuging, and the super-
natant was rotary evaporated and freeze dried.
Effect of heating anaerobically in 6-N hydrochloric acid. To
remove the hydrochloric acid remaining after an anaerobic acid
hydrolysis, we reduced the volume of hydrolysate by evapora-
tion under negative pressure in an all glass apparatus and freeze-
dried it twice. The freeze-dried material was dissolved in 5 ml of
0.01 M ammonium acetate and adjusted to a pH of 7 with sodium
hydroxide. To remove the excess sodium introduced by this pro-
cedure, we refractionated the neutralized solution, together with
some of the products of hydrolysis, on a column (1.6 x 90cm) of
G-25 Sephadex. The material was eluted with 0.01 M ammonium
acetate, and the fraction which emerged immediately after the
salts was freeze-dried; it weighed between 15 and 20 mg. The
ammonia content of the acid-hydrolyzed material after reconsti-
tuting for injection into the assay rat was less than 0.1 mEq/liter.
The natriuretic activity of this material was compared with that
of a control sample prepared in the following way: 120 mg of F4
or 70mg of 95% acetone-soluble F4 was dissolved inS ml of 0.01
at ammonium acetate, the sodium concentration was adjusted to
that in the 120 mg of F4 which had been heated in 6 N hydro-
chloric acid, and the solution was subjected to a second fraction-
ation on a G-25 Sephadex column. The fraction emerging imme-
diately after the salts was freeze-dried.
Effect of treatment with nitrous acid. F4 or 95% acetone-sol-
uble F4 was disolved in 5 ml of water, acidified with concen-
trated hydrochloric acid to a concentration of 0.1 N hydrochloric
acid, and on four occasions to 5 N hydrochloric acid. The solu-
tion was cooled to 5° C, and 0.5 ml of 1% sodium nitrite, also
cooled to 5° C, was added in aliquots of 0.1 ml. The generation of
nitrous acid was confirmed throughout by the starch iodide test.
After 30 mm, the solution was warmed to 25° C for 10 mm to
decompose diazonium salts, which would have been formed
from aromatic amines that might have been present in F4. The
solution was freeze-dried and extracted with three 20-ml vol-
umes of ether in an attempt to remove the decomposition prod-
ucts. The ether insoluble material was dissolved inS ml of 0.01 M
ammonium acetate and adjusted to a pH of 7.0 with sodium hy-
droxide. To remove the excess sodium introduced both by this
procedure, and by the addition of sodium nitrite, we applied the
neutralized solution to a column (1.6 X 90cm) of G-25 Sephadex
and eluted it with 0.01 M ammonium acetate. The fraction emerg-
ing after the salts was freeze-dried and assayed. The natriuretic
activity of this material was compared with that of a control
sample of F4 or of 95% acetone-soluble F4, which contained the
same amount of sodium, and which had been subjected to a sec-
ond gel filtration on a G-25 Sephadex column in the same way as
the samples treated with nitrous acid.
Effect of proteolytic enzymes on F4. F4 was dissolved in wa-
ter, 0.05 as ammonium acetate, or 0.1 M ammonium bicarbonate,
at a concentration of 1 g/dl. The pH of the solution was adjusted
with acetic acid or ammonium hydroxide to the optimum pH of
the enzyme to be tested. The enzymes were obtained from Sig-
ma, London, The enzyme concentrations were 1/10 or 1/50 that
of the concentration of F4 (Table 2). Solutions of F4 with added
enzyme were incubated at 370 C for 2 to 14 hours. Control solu-
tions of F4 without enzyme were incubated simultaneously. In
solutions of F4 containing leucine aminopeptidase, magnesium
chloride was included at a concentration of 4 mmoles/liter. So-
dium azide, 3 mas, was added to suppress bacterial growth in
solutions incubated for up to 6 hours. Solutions incubated for
longer were filtered through a Millipore membrane (0.22 jsm) into
sterile vessels before incubation, and cultured at the end of in-
cubation. When the period of incubation was completed, all solu-
tions were heated at 100° C for 10 mm. In addition, a solution
containing the same quantity of each enzyme as that incubated
with F4 was heated for 10 mm and then added to the heated con-
trols. The solutions were then centrifuged, and the supernatant
was freeze-dried to remove the volatile buffer and azide.
Effect of proteolytic enzymes on the 95% acetone-soluble frac-
tionof F4. Ninety-five percent acetone-soluble F4 was dissolved
in 0.1 M Tris hydrochloric acid (pH, 7.7 to 8.0) at a concentration
of 1 g/dl for incubation with all enzymes except pepsin. When
testing the effect of pepsin, we added dilute hydrochloric acid
(pH, 2.5) to the incubation medium. The enzymes were supplied
by Sigma, London, and were added so that the concentration of
enzyme was 1/10 to 1/50 that of the 95% acetone soluble F4 (see
Table 2). Incubation was carried out at 35 to 36° C for 16 to 18
hours. In the experiments with subtilysin, leucine amino-
peptidase, and carboxypeptidase B, we used control solutions
consisting of 95% acetone-soluble F4 dissolved in 0.1 M Tris hy-
drochloric acid incubated simultaneously without enzyme. Con-
trol solutions for carboxypeptidase A and aminopeptidase M
consisted of 95% acetone-soluble F4 dissolved in 0.1 M Tris hy-
drochloric acid to which had been added either toluene or phos-
phate, the additives which are present in the enzyme prepara-
tions supplied by Sigma.
Prolidase was supplied as a suspension in 2.7 M ammonium
sulphate. In three out of the six experiments performed with this
enzyme, the control solution consisted of 95% acetone-soluble
F4 dissolved in 0.1 at Tris hydrochloric acid containing the same
concentration of ammonium sulphate as the solution containing
enzyme. In the other three experiments, a suspension of the en-
zyme was heated at 100° C for 10 mm, and the coagulated protein
was removed by centrifuging. This heated protein-free solution
was added to the control solution of 95% acetone-soluble F4. It
was incubated simultaneously with the solution containing en-
zyme.
The incubations were performed under sterile conditions after
filtering the solutions through a Millipore membrane into sterile
vessels. Sterility was confirmed by culture at the end of in-
cubation. Sodium chloride was then added to the solutions in-
cubated with enzyme, and to the control solutions. Then, all
samples were fractionated on columns (1.6 x 90 cm) of G-25
Sephadex with 0.01 as ammonium acetate as eluent, to remove
additives such as phosphate and ammonium sulphate, which
were present in the enzyme preparations, and some of the prod-
ucts of enzymatic degradation. The fraction appearing immedi-
ately after the salts was freeze-dried and assayed in amounts
equivalent to 3 hours of original urine. The ammonia content
of the solutions injected into the rats, which had originally con-
tained ammonium sulphate, ws 16.5 to 29 mmoles/liter.
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